The stability of salvianolic acid B and total phenolic acids from Salvia miltiorrhiza in water solutions at different temperatures, in buffered aqueous solutions at different pHs and in biological fluids, including simulated gastric and intestinal fluids, were investigated in vitro. The results showed that the degradation of salvianolic acid B was pH-and temperature-dependent. Furthermore, structures of the degradation products of salvianolic acid B and total phenolic acids were elucidated by liquid chromatography-electrospray ion trap mass spectrometry and analysis of the degraded solutions revealed seventeen degradation products. The possible degradation pathway of salvianolic acid B is proposed.
The dried roots of Salvia miltiorrhiza (Danshen), a popular traditional Chinese medicinal herb, have been used extensively for the treatment of coronary heart disease, cerebrovascular disease, hepatitis, hepatocirrhosis and chronic renal failure [1] [2] [3] [4] . The chemical constituents of S. miltiorrhiza have been divided into two groups: water-soluble phenolic acids and lipophilic diterpenoid quinones [5] [6] [7] . Danshen is mainly used as a decoction in traditional Chinese medicinal prescriptions; therefore the water-soluble phenolic acids should be the active constituents responsible for the therapeutic effects of this medicinal plant. Our analytical results showed that the total phenolic acids (TPA) are mainly comprised of protocatechuic aldehyde (PAL), salvianolic acid E (Sal E), rosmarinic acid (RA), lithospermic acid (LA) and salvianolic acid B (Sal B), the last of which is the predominant constituent and the most abundant in the aqueous extracts [8] . Based on the pharmacological investigations, Sal B demonstrated various kinds of biological activities such as anti-oxidation, antiatherosclerosis, anti-phlegmonosis and protection against myocardial damage [9] [10] [11] .
Drug stability during sample processing and storage is an important factor for drug development.
Chai et al. have previously reported the stability of Sal B in aqueous solution [12] . The results showed that the solutions should be kept in high concentration at low pH, low temperature and for a short period to ensure their stability. The stability of Sal B in minosis body pH environment in vitro has been investigated. The compound was stable in the juice of the small intestinal, but unstable in gastric and large intestinal juice [13] . However, there is no available data that shows the degradation profile of TPA and Sal B when administered orally and that illustrates the products after degradation as a result of pH, temperature and incubation in simulated gastric and intestinal fluids (SGF/SIF). The unstable feature of phenolic acids in Danshen forms the basis of the present study to determine the stability of Sal B and TPA under the aforementioned conditions. Thus, the comparative analysis of stability of TPA and its main constituent, Sal B, has been investigated in this study.
MS is a sensitive and selective procedure that allows the detection of minor or even trace amounts of constituents from a micro scale sample. Furthermore, MS can also provide adequate structural information and thus facilitate the structural identification of unknown compounds. Hence, HPLC coupled with mass spectrometry (HPLC-MS) has been proved to be a powerful and reliable analytical approach for structural analysis of chemical components in herbal extracts with high sensitivity and low consumption of samples [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
The main objective of our studies was to determine the most influential stress factors on the stabilities of Sal B and TPA. Therefore, this paper presents a comparative study of stabilities for TPA and its main component, Sal B, in water solution as a result of the effects of pH and temperature at different time intervals. The degradation profiles of TPA and Sal B incubated in SGF and SIF at 37ºC were also investigated. The paper first reports on the potential of the HPLC-MS technique to elucidate the chemical structures of the degradation products. The possible degradation pathway of Sal B is also proposed for the first time.
Considering the features of the chromatograms, the R.S.D. of the peak areas of the five constituents identified in TPA water solution at pH 1.5 were used to evaluate the developed HPLC method. The repeatability was evaluated by analyzing six independently prepared samples of TPA water solution at pH 1.5. The relative standard deviation of the peak areas for each of the peaks was less than 3.1%. The precision of the HPLC method was measured by analyzing the same sample five consecutive times. The relative standard deviation (R.S.D.) of each of the five peak areas was less than 3.5%. To test the stabilities of the analytes, the same sample was analyzed within two days. Peak area R.S.Ds for all five peaks was less than 1.9%, suggesting that the sample remained stable for the 2 days. All the above results for repeatability, precision and stability indicated that this method was sensitive, reliable and applicable.
ESI in both negative and positive ion modes were tried and the results showed that ESI in negative ion mode was more sensitive and could produce more fragmentation information. The instrumental parameters were optimized by analyzing the standards (PAL, RA, LA and Sal B) for maximum intensity. The optimized parameters in the negative ion mode were as follows: ion spray voltage, 4.5 kV; sheath gas, 45 arbitrary units; auxiliary gas, 10 units; capillary temperature, 350ºC; capillary voltage, -30 V; tube lens offset, 20 V. To obtain the most information for all the constituents, the data-dependant scan was used in LC-MS n analysis. The two most abundant ions in each scan were selected and subjected to MS n analyses and the relative collision energy for CID was set at 35-45%, which could produce satisfactory MS n fragmentation information.
The effect of temperature on the degradation rate of pure Sal B and Sal B in TPA solution was investigated at 4, 25, 37, 65 and 100ºC ( Figure 1 ). The curves were acquired by plotting the relative peak areas (observed peak area of Sal B: peak area of Sal B in the control solution) against the different time intervals. The results showed that the degradation of Sal B was temperature dependent. It was stable at 4 o C for 30 h in aqueous solution. However, decomposition of Sal B aqueous solution occurred automatically at 25ºC, and was enhanced at 37, 65 and 100ºC. On the other hand, Sal B was also stable at 4, 25 and 37ºC for 30 h in TPA. Furthermore, the degradation rates of pure Sal B at all temperatures were higher than those in TPA, which suggested that other phenolic acids in TPA inhibit the degradation of Sal B. Therefore, the degradation of the marker components seems to be minimum in TPA at 4, 25, and 37ºC, and the storage designing of other drug delivery systems for TPA at 4-37ºC may be possible. was stable for 30 h in buffered phosphate aqueous solutions at pH 1.5, 3.0 and 5.0. With an increase of pH from the neutral, the stability of Sal B decreased. Degradation of Sal B was easier in an alkaline medium, which was similar to the hydrolysis of ester. Furthermore, no significant difference between the curves of pure Sal B and Sal B in TPA could be visualized. The results indicated that pH conditions strongly affected the stability of Sal B. Therefore, the quality and marker concentration in Sal B and TPA water solution are well protected when kept in acid conditions.
In SGF at 37ºC, Sal B was stable within the 1 h period. However, over prolonged incubation the formation of Sal B reached equilibrium at approximately 30 h, which indicated that the dissociation of Sal B and pepsin occurred after their binding when Sal B was added to SGF. In the presence of pepsin, the increasing rate of Sal B in TPA was higher than pure Sal B, as shown in Considering the degradation of Sal B and TPA, the HPLC-MS n method was established to identify the major degradation products after incubation. The UV and total ion current (TIC) chromatograms of aqueous Sal B and TPA solution, when incubated at different temperatures and pHs, and in the presence of trypsin in SIF are shown in Figures 4 and 5 . The profiles of control solutions were greatly different from those of the samples incubated, which illustrated the changes in the marker compounds during the course of incubation under different conditions. LC-MS n data of the products are listed in Table 1 , and analysis of the degraded solutions revealed seventeen degradation products.
Peaks 1, 2, 3, 10, 11, 13, 17 were unambiguously identified as danshensu, protocatechuic acid, PAL, RA, LA, Sal B and salvianolic acid C, respectively, by comparison of their retention times and mass fragmentation behaviors with those of the reference compounds. Peaks 4 and 8 were not identified, because the MS n data fails to identify precisely the phenolic acids with complicated structures.
According to our previous study [26] , peaks 5, 6, 7, 9, 14, 15 Figure 6 .
By comparing the chromatograms of Sal B and TPA water solution, we can conclude that Sal B played an important role in the stability of phenolic acids in TPA. The degradation products of TPA were similar to those of Sal B, which indicated that the main constituents in TPA could result from the decomposition of Sal B.
To the best of our knowledge, no data on the identification of the degradation products has been reported in the literature. Although the concentration of Sal B was determined by HPLC with the effect of heat and pH values, these experiments did not show the differences between Sal B and TPA water solutions after incubation. Our work provides a systematic study of the stabilities of Sal B and TPA, including the effect factor, degradation rate of Sal B and the possible degradation products. Also, the transformation of Sal B in SGF and SIF has been proposed for the first time.
Experimental
Materials: HPLC-grade acetonitrile was purchased from Caledon, Canada. HPLC-grade water was prepared using a Milli-Q water purification system (Millipore, MA, USA). Other chemicals and solvents were all of analytical grade. High-purity nitrogen TPA was prepared from the roots of Salvia miltiorrhiza in our laboratory. LA, Sal B and salvianolic acid C were isolated from the TPA by the author and the purity was not less than 98% by HPLC analysis. Danshensu, protocatechuic acid, PAL and RA were purchased from JiangXi Bencao Tiangong Co. Ltd. Trypsin and pepsin were purchased from Amresco (USA). Phosphate buffer at pH 1.5, 3, 5, 7 and 9, simulated gastric (SGF) and intestinal fluids (SIF) were freshly prepared on the day of experiment, according to the Pharmacopoeia of the People's Republic of China [27] .
Sample preparation and stability test:
In order to test the effect of temperature, the control solutions of TPA and Sal B were prepared separately at 0.500 mg/mL and 0.312 mg/mL in water. The study was conducted at 4, 25, 37, 65 and 100ºC. Samples were taken from the solutions kept at different temperatures at time intervals of 0, 1, 4, 8, 18 and h and a 10 μL aliquot was injected into the chromatographic system for analysis, after filtering through a membrane (0.45 μm pore size). The experiment was performed in duplicate.
Acid-base degradation studies were carried out to determine the pH at which stabilities of phenolic acids were maximum. This information is required for the preparation of the final dosage forms. Effect of pH on phenolic acids was studied using the following method. About 5 mL control solutions of TPA and Sal B described above were taken in 10 mL volumetric flasks and the volumes were made up with phosphate buffers of pH 1.5-9. Samples were withdrawn at different time intervals (0, 1, 4, 8, 18, 30 h) and 20 μL was injected into the chromatographic system for analysis after filtering through a membrane (0.45 μm pore size). The experiment was performed in duplicate. The control solutions of TPA and Sal B for the stability studies in biological samples were prepared at 0.501 mg/mL and 0.306 mg/mL in SGF and SIF, respectively, and incubated at 37ºC for different time intervals (0, 1, 4, 8, 18, 30 h). A 10 μL aliquot was injected into the chromatographic system for analysis, after filtering through a membrane (0.45 μm pore size). A duplicate experiment was performed for each biological sample.
HPLC-DAD and HPLC-MS systems:
The analyses were performed using an Agilent 1100 HPLC system (Agilent, Waldbronn, Germany), equipped with an on-line degasser, a quaternary solvent delivery system, an auto-sampler, a column temperature controller and a diode-array detector. The column configuration consisted of an Agilent Zorbax Extend C 18 San Jose, CA, USA) was connected to the Agilent 1100 HPLC system via an ESI interface. The LC effluent was introduced into the ESI source in a postcolumn splitting ratio of 2:1. Ultra-high purity helium (He) was used as the collision gas and high purity nitrogen (N 2 ) as the nebulizing gas. For negative ESI analysis, the parameters were as follows: sheath gas, 45 arbitrary units; auxiliary gas, 10 units; spray voltage, 4.5 kV; capillary temperature, 350ºC; capillary voltage, -30 V; tube lens offset, 20 V. For full-scan MS analysis, the spectra were recorded in the range of m/z 100-1000. Data-dependent acquisition was used so that the two most abundant ions in each MS scan were selected in turn. The collision energy for CID was adjusted at 35-45% to acquire satisfactory product ion spectra, and the isolation width of precursor ions was 3.0 Th.
Method validation:
The repeatability was assessed by analyzing six independently prepared samples of TPA water solution at pH 1.5. The relative standard deviation (R.S.D.) of the peak area for each of the main characterized phenolic acids (PAL, Sal E, RA, LA and Sal B) was calculated.
The method precision was evaluated by analyzing the same sample five consecutive times. The R.S.D. of the peak area for each of the main characterized phenolic acids was calculated.
The sample stability test was determined with one sample during two days. In this period, the solution was stored at room temperature, and analyzed at 0, 12, 24 and 48 h, respectively.
